Hot spring water and natural mineral water have been therapeutically used to prevent or improve various diseases. Specifically, consumption of bicarbonate-rich mineral water (BMW) has been reported to prevent or improve type 2 diabetes (T2D) in humans. However, the molecular mechanisms of the beneficial effects behind mineral water consumption remain unclear. To elucidate the molecular level effects of BMW consumption on glycemic control, blood metabolome analysis and fecal microbiome analysis were applied to the BMW consumption test. During the study, 19 healthy volunteers drank 500 mL of commercially available tap water (TW) or BMW daily. TW consumption periods and BMW consumption periods lasted for a week each and this cycle was repeated twice. Biochemical tests indicated that serum glycoalbumin levels, one of the indexes of glycemic controls, decreased significantly after BMW consumption. Metabolome analysis of blood samples revealed that 19 metabolites including glycolysisrelated metabolites and 3 amino acids were significantly different between TW and BMW consumption periods. Additionally, microbiome analysis demonstrated that composition of lean-inducible bacteria was increased after BMW consumption. Our results suggested that consumption of BMW has the possible potential to prevent and/or improve T2D through the alterations of host metabolism and gut microbiota composition.
Introduction
Self-medication is an important approach to maintain and promote human health. There are many strategies of selfmedication such as improving one's lifestyle and/or dietary habits, consumption of functional foods/beverages, and getting adequate exercise [1, 2] . Hot spring water and natural mineral water are traditionally used in public baths and balneotherapy in many countries. Balneotherapy is the use of thermal and/or mineral water derived from natural springs or drilled wells for treatment of human health by employing various methods such as bathing, drinking, mud therapy, and inhalation [3] . According to previous studies, it has been reported that balneotherapy has beneficial effects for various diseases such as type 2 diabetes (T2D) [4] [5] [6] , rheumatism [7] , low back pain [3] , and cardiovascular disease [8, 9] . Particularly, consumption of bicarbonate-rich mineral water (BMW) has been reported to prevent or improve T2D [4, 6] . However, as the reported benefits of BMW were determined epidemiologically and clinically, the molecular mechanisms of the beneficial effects behind BMW remain unclear.
Evidence-Based Complementary and Alternative Medicine
Metabolomics is a method of comprehensive measurement of metabolites and it has been known to be a powerful tool to gain new insights into various research fields such as metabolic syndrome [10] , cancer [11, 12] , chronic kidney disease [13] , and biomarker screening [14] . A recent study has reported that plasma metabolome profiles were altered between healthy people and T2D patients [15] . Moreover, it has been also reported that gut microbial composition and function in T2D patients are different from that of healthy subjects [16] [17] [18] . Therefore, preventive and/or therapeutic effects for T2D derived from BMW consumption are expected via influencing blood metabolites concentrations and gut microbial compositions.
For this reason, blood metabolome analysis and gut microbiome analysis were included in our study to elucidate the molecular level effects of BMW consumption on glycemic control. In this study, BMW consumption test was conducted amongst 19 healthy volunteers. Here we show that serum glycoalbumin levels were decreased and 19 metabolites including glycolysis-related metabolites and 3 amino acids were changed after consumption of BMW. Additionally, microbiome analysis demonstrated that composition of leaninducible bacteria, family Christensenellaceae, was increased after BMW consumption. This current study is an important study reporting the molecular level effects derived from consumption of BMW.
Materials and Methods

Sample Preparation.
This study was approved by the Ethical Committees of Japan Health and Research Institute and Keio University Shonan Fujisawa Campus. All subjects were informed of the purpose of this study, and written consent was obtained from all subjects.
In this study, BMW consumption test was conducted amongst 19 healthy subjects (7 men and 12 women, ages from 26 to 59, 47 years old on the average). Initially, individual identification numbers were randomly assigned to 26 volunteers from N01 to N26; however N12 and N25 dropped out due to personal reasons. Additionally, N01, N02, N14, N18, and N21 were excluded from analysis because they forgot to drink TW and/or BMW at least once. BMW was obtained from Nagayu hot spring (Taketa, Oita, Japan) as it contains one of the highest bicarbonate concentrations in Japan. TW was purchased from Nishikawa water treatment plant (Yamagata, Japan). Mineral contents and pH of the TW and BMW used in this study were measured by the Hot Spring Research Center (Tokyo, Japan) and are as shown in Table 1 . BMW were collected in 500 mL plastic bottles and stored in refrigerator until consumption. All BMW were consumed within 10 days from bottling. TW bottles were also similarly stored in refrigerator until consumption. During the test, volunteers opened 1 plastic bottle of TW or BMW every day and drank the 500 mL of TW or BMW divided into thrice daily (30-60 minutes before breakfast, lunch, and dinner). TW consumption periods and BMW consumption periods lasted for a week each and this cycle was repeated twice. Volunteers were instructed to keep to their normal dietary habits during the test, but consumption of medicinal drugs was prohibited. Blood and fecal samples were collected on the first day of the test and last days of every week. Blood samplings that were collected from the same subject were performed at approximately the same time during the test. Body weight, body mass index (BMI), height, abdominal circumference, and blood pressure were measured on the first day of the test (see Table S1 of the Supplementary Material available online at http://dx.doi.org/10.1155/2015/824395). A schematic representation of the experimental design is as shown in Figure S1 of Supplementary Material.
Clinical Blood Tests.
Clinical blood tests were performed at each sampling point, including measurement of fasting plasma glucose, serum glucose, glycoalbumin, insulin, total cholesterol, HDL cholesterol, LDL cholesterol, triglyceride, urate, sodium, chlorine, calcium, magnesium, and cortisol. The measurement of the concentrations of these parameters was outsourced to RINTEC Co., Ltd. (Fukuoka, Japan).
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Metabolome Analysis.
Metabolome analysis was conducted as described previously with some modifications [13] . In brief, to extract metabolites from blood, 400 L of methanol including the internal standards (20 M each of methionine sulfone and D-camphor-10-sulfonic acid (CSA)) was added to the 40 L of blood samples. Next, this mixture was then mixed with 120 L of ultrapure water and 400 L of chloroform before centrifuging at 10,000 ×g for 3 min at 4 ∘ C. Subsequently, the aqueous layer was transferred to a centrifugal filter tube (UltrafreeMC-PLHCC 250/pk for Metabolome Analysis, Human Metabolome Technologies) to remove protein and lipid molecules. The filtrate was centrifugally concentrated and dissolved in 20 L of ultrapure water that contained reference compounds (200 M each of 3-aminopyrrolidine and trimesic acid) immediately before capillary electrophoresis with electrospray ionization timeof-flight mass spectrometry (CE-TOFMS) analysis.
The measurement of extracted metabolites in both positive and negative modes was performed by CE-TOFMS. All CE-TOFMS experiments were performed using the Agilent CE capillary electrophoresis system (Agilent Technologies). Annotation tables were produced from measurement of standard compounds and were aligned with the datasets according to similar / value and normalized migration time. Then, peak areas were normalized against those of the internal standards methionine sulfone or CSA for cationic and anionic metabolites, respectively. Concentrations of each metabolite were calculated based on their relative peak areas and concentrations of standard compounds.
After statistical analysis, metabolite set enrichment analysis (MSEA) [19] was performed using the metabolites that were significantly different between TW and BMW consumption periods.
DNA Isolation.
Fecal DNA isolation was performed as described previously with some modifications [20] . Briefly, fecal samples were initially lyophilized by using VD-800R lyophilizer (TAITEC) for at least 18 hours. Freeze-dried feces were disrupted with 3.0 mm Zirconia Beads by vigorous shaking (1,500 r.p.m. for 10 min) using Shake Master (Biomedical Science). Fecal samples (10 mg) were suspended with DNA extraction buffer containing 200 L of 10% (w/v) SDS/TE (10 mM Tris-HCl, 1 mM EDTA, and pH 8.0) solution, 400 L of phenol/chloroform/isoamyl alcohol (25 : 24 : 1), and 200 L of 3 M sodium acetate. Feces in mixture buffer were further disrupted with 0.1 mm zirconia/silica beads by vigorous shaking (1,500 r.p.m. for 5 min) using Shake Master. After centrifugation at 17,800 ×g for 5 min at room temperature, bacterial genomic DNA was purified by the standard phenol/chloroform/isoamyl alcohol protocol. RNAs were removed from the sample by RNase A treatment and then DNA samples were purified once more by the standard phenol/chloroform/isoamyl alcohol protocol.
16S rRNA Gene
Sequencing. 16S rRNA genes in the fecal DNA samples were analyzed using the MiSeq sequencer (Illumina). The V1-V2 region of the 16S rRNA genes was amplified from the DNA isolated from feces using bacterial universal primer set 27Fmod (5 -AGRGTTTGATYMTGG-CTCAG-3 ) and 338R (5 -TGCTGCCTCCCGTAGGAGT-3 ) [21] . PCR was performed with Tks Gflex DNA Polymerase (Takara Bio Inc.) and amplification proceeded with one denaturation step at 98 ∘ C for 1 min, followed by 20 cycles of 98 ∘ C for 10 s, 55 ∘ C for 15 s, and 68 ∘ C for 30 s, with a final extension step at 68 ∘ C for 3 min. The amplified products were purified using Agencourt AMPure XP (Beckman Coulter) and then further amplified using forward primer (5 -AATGATACGGCGACCACCGAGATCTAC-AC-NNNNNNNN-TATGGTAATTGT-AGRGTTTGATY-MTGGCTCAG-3 ) containing the P5 sequence, a unique 8 bp barcode sequence for each sample (indicated in N), Rd1 SP sequence and 27Fmod primer and reverse primer (5 -CAAGCAGAAGACGGCATACGAGAT-NNNNNNNN-AGTCAGTCAGCC-TGCTGCCTCCCGAGGAGT-3 ) containing the P7 sequence, a unique 8-bp barcode sequence for each sample (indicated in N), Rd2 SP sequence, and 338R primer. After purification using Agencourt AMPure XP, mixed sample was prepared by pooling approximately equal amounts of PCR amplicons from each sample. Finally, MiSeq sequencing was performed according to the manufacturer's instructions. In this study, 2 × 300 bp paired-end sequencing was employed.
Analysis of 16S rRNA Gene Sequences.
Initially, to assemble the paired-end reads, fast length adjustment of short reads (FLASH) (v1.2.11) [22] was used. Assembled reads with an average -value < 25 were filtered out using in-house script. 5,000 filter-passed reads were randomly selected from each sample and used for further analysis. Reads were then processed using quantitative insights into microbial ecology (QIIME) (v1.8.0) pipeline [23] . Sequences were clustered into operational taxonomic units (OTUs) using 97% sequence similarity and OTUs were assigned to taxonomy using RDP classifier.
Statistical Analysis.
To analyze the intraindividual alterations, statistical evaluation between two groups was performed by Wilcoxon signed-rank test (nonparametric paired test) using the R package exactRankTests (available at https://cran.r-project.org/web/packages/exactRankTests/ index.html) or XLSTAT (v2014.6.04) (Addinsoft). For multiple comparisons, the data were analyzed using Friedman's test and post hoc Nemenyi test using XLSTAT. All statements indicating significant differences show at least a 5% level of probability.
Nucleotide Sequence Accession
Number. The microbiome analysis data have been deposited at the DDBJ Sequence Read Archive (http://trace.ddbj.nig.ac.jp/dra/) under accession number DRA004008. 
Results
Serum Glycoalbumin Levels Were Decreased after BMW
Consumption. Firstly, intraindividual alterations of clinical parameters were analyzed. Serum glycoalbumin levels, one of the indexes of glycemic controls, were significantly decreased during BMW consumption periods as compared with TW consumption periods (Figure 1(a) ). Serum glucose levels were not decreased significantly but tended to be lowered ( value = 0.092). Other parameters related to glycemic controls, like plasma glucose levels, insulin concentrations, and HOMA-R, were not different between TW and BMW consumption periods. In this study, other biochemical parameters involved with hypercholesterolemia, hyperuricemia, mineral consumption, and stress were also measured, but consumption of BMW did not have any impact on the above-mentioned parameters apart from blood calcium levels (Table 2 ). These results suggested that BMW consumption has the possible potential to prevent and/or improve T2D without changing insulin secretion and insulin resistance. Although the serum glycoalbumin levels were significantly decreased during BMW consumption periods as compared with TW consumption periods, reduction of serum glycoalbumin levels was also observed after TW consumption periods as compared with before the test (week 0) (Figure 1(b) ). Relative serum glycoalbumin levels decreased after the first TW consumption period (week 1) and further decreased after first BMW consumption period (week 2). Subsequently, it slightly increased after second TW consumption period (week 3) and then decreased again after second BMW consumption period (week 4). Taken together, these results suggest that the habit of water consumption before every meal has the possible potential to decrease serum glycoalbumin levels, but BMW consumption is more effective.
BMW Consumption-Related Changes of Physiological Metabolism.
To evaluate the molecular level effects of BMW consumption, blood metabolome analysis was performed using CE-TOFMS. A total of 152 metabolites were detected from blood samples at least from 1 subject and 1 time point and concentrations of these metabolites were compared within subject. Over 85% of metabolites were not significantly changed after BMW consumption periods and it was expected that the concentrations of most metabolites remained consistent due to physiological homeostasis (Figure 2(a) ). However, the concentrations of 19 metabolites were significantly different between TW and BMW consumption periods (Figures 2(a) and 2(b) ). These effects were expected to be derived from BMW TW  BMW  TW  TW  BMW  TW  TW  BMW  BMW  BMW  TW  TW  BMW  TW  BMW  TW BMW  BMW   BMW  TW BMW  TW  BMW  TW BMW  TW BMW  TW BMW  TW BMW  TW  BMW  TW  TW  TW consumption. As compared with TW consumption periods, 9 metabolites were significantly increased and 10 metabolites were significantly decreased in BMW consumption periods (Figure 2(b) ). Metabolites that may be related to T2D such as glycolysis-related metabolites (pyruvate, ATP, and ADP), amino acids (tyrosine, methionine, and glycine), and UDP-N-acetylglucosamine were included in significantly changed metabolites. In addition, 3 amino acids were significantly decreased, but almost all amino acids were also lowered after BMW consumption periods (see Figure S2 of Supplementary Material).
Additionally, MSEA was performed using the 19 significantly changed metabolites (Table 3) . These metabolites were involved with central metabolic pathways (glycolysis, gluconeogenesis, and citric acid cycle) and nitrogen metabolism pathways such as ammonia recycling, urea cycle, and methionine metabolism. These results suggested that physiological metabolism was modified by consumption of BMW.
On the other hand, it was observed that 3-hydroxybutyrate, one of the indexes of diabetic ketoacidosis, was not altered by BMW consumption (Figure 2(c) ).
BMW Consumption-Related Changes of Microbiota Compositions.
Microbiome analysis was conducted using fecal samples that were collected weekly during the study. A total of 7,075 OTUs were constructed from 16S rRNA gene sequences derived from 19 subjects. These OTUs corresponded to 62 families and whole structures of fecal microbiota are shown (Figure 3(a) ). To investigate the intraindividual changes of gut microbiota during the test, relative abundances of each microbial taxon were compared between TW and BMW consumption periods within subjects. From the results, it was observed that over 85% of families were not altered similarly to blood metabolites, but relative proportions of 8 families especially Christensenellaceae were significantly different between TW and BMW consumption periods (Figure 3(b) ). These results suggested that consumption of BMW has a potential to change some gut microbial compositions.
Discussion
In the present study, it was shown that serum glycoalbumin levels were significantly decreased after BMW consumption as compared with TW consumption. Although glycoalbumin levels have been known to reflect blood glucose levels during the last 14 days of the experiment [24] , the mean blood glucose levels were not decreased significantly but tended to be lowered by BMW consumption as observed in our data. This might be attributed to the fact that blood glucose levels are influenced by external factors such as food intake and exercise [25] . Although insulin is one of the major factors involved in blood glucose control, the reduction of glycoalbumin level that was observed in this study was not expected to be related to the changing of insulin secretion and/or insulin resistance because insulin concentrations and HOMA-R were not significantly changed after BMW consumption. Previous studies have also reported the reduction of blood glucose levels by consumption of BMW or sulfate containing water [4, 5] , but this study is the first evidence of reduction of serum glycoalbumin levels by consumption of BMW. Additionally, relative glycoalbumin levels were partly decreased even after TW consumption period. Although it has been previously reported that body weights of the volunteers were decreased by consumption of TW before every meal during 12 weeks [26] , the reduction in serum glycoalbumin levels is a novel result.
Clinical tests also indicated significant increments in blood calcium levels. This phenomenon was expected to be attributed to BMW consumption because BMW used in this study contains calcium (177 mg/kg). According to the previous report, calcium deficiency may apparently lead to insulin resistance [27] . Therefore, calcium supplementation by drinking mineral water that includes calcium may be important as well as BMW consumption to better manage glycemic control.
According to the metabolome analysis of blood samples, ATP and pyruvate were significantly increased whereas ADP was decreased. This result suggested that glycolysis was upregulated after consumption of BMW. Since blood glucose levels were not decreased significantly but tended to be lowered as observed in our results, the effects of glycolysis enhancement were expected. On the other hand, concentrations of 3 amino acids (tyrosine, methionine, and BMW  TW  BMW  TW  BMW  TW  BMW  TW  BMW  TW  BMW  TW  BMW  TW glycine) were significantly lowered after consumption of BMW. A previous study reported that high concentrations of various amino acids especially tyrosine in blood are one of the risk factors of T2D [28] . Additionally, it has been also reported that plasma concentrations of several amino acids including tyrosine and methionine were significantly high in hyperinsulinemia (it is often observed in early stage of T2D) patients as compared to healthy subjects [29] . Our results demonstrated that concentrations of 3 amino acids including tyrosine and methionine in blood were significantly decreased and that those of other standard amino acids were tended to be lowered after consumption of BMW. As such, it can be suggested that the BMW consumption has a possible potential to prevent and/or improve T2D through the alterations of metabolism in the body. After insulin resistance was increased, it can be expected that proteolysis and ketogenesis would be enhanced [30] . As a result, the increment of blood concentrations of amino acids or ketone bodies is expected. Since metabolome analysis indicated that the concentrations of 3-hydroxybutyrate, a type of ketone body, between TW and BMW consumption periods were not changed, consumption of BMW may not Evidence-Based Complementary and Alternative Medicine 9 affect generation of energy from free fatty acids. As our results demonstrated that concentrations of almost of all amino acids especially tyrosine, methionine, and glycine were decreased, but that of 3-hydroxybutyrate was not changed, BMW consumption may influence energy metabolism through proteolysis but not ketogenesis.
UDP-N-acetylglucosamine is the substrate of O-linked N-acetylglucosamine transferase and the relationship between O-linked N-acetylglucosamine transferase and insulin resistance has been previously reported [31] . However, it was also reported that concentration of UDP-N-acetylglucosamine in muscle tissue was increased after reaching euglycemia by insulin treatment in obese subjects [32] . These reports suggested that UDP-N-acetylglucosamine is related to glucose control and/or insulin resistance, but the details are still unclear. In the current study, metabolome analysis indicated that blood concentrations of UDP-Nacetylglucosamine were significantly increased after BMW consumption, but future studies are required to understand the meaning of this phenomenon.
Since recent studies reported the relationships between gut microbiota and T2D and/or obesity [33] [34] [35] , we hypothesized that beneficial effect for glycemic control derived from BMW consumption might involve gut microbiota. As expected, alterations of gut microbiota compositions derived from BMW consumption were observed. In this study, family Christensenellaceae was the most significantly increased taxon. Previous study reported that Christensenellaceae was enriched in lean group (BMI < 25) as compared with obese group (BMI > 30) [36] . Additionally, it was also reported that transplantation of Christensenella minuta to germ-free mice reduced weight gain. Moreover, abundance of the family Dehalobacteriaceae that was also increased after BMW consumption has been reported to be positively correlated with Christensenellaceae. Therefore, our results suggested that consumption of BMW has a possible potential to prevent getting obese via increments of the abundance of leaninducible bacteria, Christensenellaceae and Dehalobacteriaceae.
Conclusions
In this study, we have shown that serum glycoalbumin levels were significantly decreased after BMW consumption as compared with TW consumption. It was also observed that 19 blood metabolites were significantly changed and leaninducible bacteria were significantly increased after BMW consumption (see Figure S3 of Supplementary Material). The current study is expected to become important evidence detailing the molecular level effects of BMW consumption. Finally, we believe that the molecular level elucidation of the beneficial effects derived from balneotherapy is vital for further progress and understanding of balneology and our study is the first step towards this approach.
